Fetal in situ cardiovascular and bronchial morphologies were studied in rats with tetralogy of Fallot and absent pulmonary valve to clarify the prenatal pathology of this complex. There were 42 fetal rats with this complex among 300 fetuses treated with N,N'-bis-(dichloroacetyl)-1,8-octamethylenediamine (bis-diamine) (200 mg) on the 10th day of pregnancy. After undergoing rapid whole-body freezing on the 21st day, they were studied by means of serial cross-sectional photographs of the frozen thorax. Fetuses with normal heart treated with bis-diamine served as control. Tetralogy of Fallot and absent pulmonary valve in the fetus was associated with absence of the ductus arteriosus, enlargement and hypertrophy of both ventricles, and enlargement of the pulmonary arteries that compressed the bronchial trees. These abnormalities were inversely correlated with the degree of pulmonary stenosis. Milder stenosis (pulmonary valve ring >50% of control, n =28) was associated with larger pulmonary arteries (250±12% of control) (mean± SEM) and larger ventricles (volume, 200±15%; mass, 130±4%). Severe stenosis (pulmonary valve ring <50% of control, n = 14) was associated with mildly enlarged pulmonary arteries and mild bronchial compression. We concluded that enlargement of the pulmonary arteries and bronchial compression develop in fetal life and are associated with mild pulmonary stenosis in tetralogy of Fallot and absent pulmonary valve. (Circulation 1990;82:1343-1351 T etralogy of Fallot with absent pulmonary valve in its most severe form is associated with severe respiratory symptoms secondary to bronchial compression by the huge pulmonary arteries in early infancy.1,2 This complex is difficult to treat, and its prognosis is generally poor.12 Bronchial compression is assumed to develop in fetal life. Recently, some cases with this complex were diagSee p 1531 nosed by echocardiography in fetal life.3-5 Bronchial and cardiac changes in this fetal complex, however, still need much clarification. In the past, good animal models of this complex were not available. Recent discovery of potent cardiac teratogens6,7 and development of methods of studying in situ cardiovascular morphology of fetal rats8,9 made it possible to study cardiac pathology in rat fetuses with congenital heart
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the rats were killed by cervical dislocation, and the fetuses were delivered quickly by cesarean section and quickly frozen by immersion in acetone cooled by dry ice to -80°C. The frozen fetuses were weighed, and the thoraxes were trimmed and sectioned on a freezing microtome (Komatsu Solidate, Tokyo, Japan) at either the cardiac short-axis plane, angled coronal or cardiac long-axis plane, transverse plane, or the left sagittal plane encompassing the whole heart. The short-axis plane was defined as the plane 45 degrees to the transverse plane and 45 degrees to the sagittal plane. The long-axis or angled coronal plane was defined as the plane 45 degrees to the transverse plane and perpendicular to the sagittal plane. Cardiac cross-sections were photographed with a binocular stereoscopic microscope (Wild M 400 Photomakroscope, Wild Heerbrugg, Heerbrugg, Switzerland) using color film (Reala, Fuji Film, Tokyo, Japan). Cardiac cross-sections were photographed serially at every 500-gm thickness for morphological study and for measurement of chamber volumes and ventricular masses. Additional crosssections were photographed to record the origin of the pulmonary arteries and the morphology of the right ventricular outflow tract. Numbered section paper (lx 1 mm) was photographed for a scale, and the pictures were printed on paper.
Measurement
Diameters of the pulmonary valve ring, main pulmonary artery, right and left pulmonary arteries, ascending aorta, and bronchi were measured on the photographs. The thickness of the pericardial fluid was measured around the ventricle at the level of the left ventricular papillary muscles. To study the volumes of 4 cardiac chambers and ventricular masses of each heart, areas of each chamber on the photographs were cut and weighed, and then calculated by using the weight of the photograph of section paper as a scale. The volumes and the muscle mass were calculated by area multiplied by thickness (0.5 mm). Large subaortic ventricular septal defect was present in the hearts with this complex. Aortic overriding on the ventricular septum was commonly present and was most apparent in the angled coronal section (Figure 1) . Fibrous continuity was present between the aortic valve and the mitral valve. The ductus arteriosus was absent in all hearts. The pulmonary valve was either completely absent (35 fetuses) or partially absent with a small residual ridge (seven fetuses). There was pulmonary stenosis of varying degrees, and the pulmonary valve ring was smaller than in the control. In 29 of 42 fetuses, a narrow infundibulum constituted pulmonary stenosis in addition to a narrow pulmonary valve ring (Figure 2 , lower left panel). In the remaining 13 fetuses, the infundibular septum was absent (Figure 2 , upper right panel).
Pulmonary Arteries and Bronchi
The main pulmonary artery and the right and left pulmonary arteries were enlarged ( Figures 1, bottom panel; 3, bottom panel; 4, bottom panel). In each fetus, the most prominent enlargement occurred at the right hilum. Enlarged pulmonary arteries compressed the adjacent bronchi ( Figures 3, bottom  panel; 4, bottom panel). The diameter of the right pulmonary artery and the diameter of the adjacent bronchi were inversely related, as shown in Figure 5 . The enlarged main pulmonary artery compressed the left atrium ( Figure 1, bottom panel) .
Diameters of the pulmonary valve ring and diameters of the maximum right pulmonary artery were positively correlated ( Figure 6 ). Those fetuses with only mildly hypoplastic pulmonary valve rings (ring diameter >500 ,um, or 50% of control) were associated with larger pulmonary arteries. Those fetuses with severely hypoplastic pulmonary valve rings (ring diameter <500 ,um, or 50% of control) were associated with only modestly enlarged pulmonary arteries.
The inner diameters of the pulmonary valve ring, the main pulmonary artery, and maximum diameters of the right and left pulmonary arteries are listed in Table 1 . In this table, the fetuses were divided into two groups according to the degree of pulmonary stenosis. Those with milder stenosis and a pulmonary valve ring larger than 50% of the control had a more prominent enlargement of the pulmonary arteries than those fetuses with more severe stenosis.
Right and Left Ventricles
Both the right and left ventricles were enlarged in the fetuses with mild pulmonary stenosis ( In this animal model induced by bis-diamine in rats, a high incidence of absent pulmonary valve associated with tetralogy of Fallot is a unique feature and was not reported previously. Etiology of the absent pulmonary valve is not known. Several studies suggest that the teratogenic effects of bis-diamine work as inhibitors of the normal action of neural crest cells in cardiovascular and other organogenesis.7,10 It is possible that neural crest cells are important in the formation of the pulmonary valve, and that bis-diamine works to inhibit its effect in pulmonary valve formation. Emmanouilides et a11,12 proposed another hypothesis regarding absent pulmonary valve associated with tetralogy of Fallot, that is, that the absence of the ductus arteriosus, which is frequently associated with this complex, hemodynamically induces absence of the pulmonary valve. In our rat models induced with bis-diamine, all fetuses with tetralogy of Fallot and absent pulmonary valve were associated with absent ductus arteriosus, supporting the hypothesis by Emmanouilides et al.
Bronchial Compression
The present study showed that enlargement of the pulmonary arteries and compression of the bronchi were already present in near-term fetuses. These compressions and deformities of the bronchi probably occur in fetal life in the clinical situation as well, and persist even after surgical correction of the heart disease. 
